The genetic code is degenerate, and most amino acids are encoded by two to six synonymous codons with uneven usage frequency. Information of codon usage is useful and will expand our knowledge of environment adaptability and evolution of organisms (Angellotti et al. 2007; Zhou and Li 2009 ). Mutation bias is a determining factor of codon bias in mammals (Francino and Ochman 1999; Karlin and Mrázek 1996) . But in some unicellular eukaryotes and prokaryotes, codon bias is determined by both mutational bias and natural selection (Gouy and Gautier 1982; Sharp et al. 2005; Stenico et al. 1994 ). In addition, codon usage in unicellular organisms is affected by multiple aspects, such as tRNA abundance, gene length, nucleotide composition, protein function, and hydrophobicity (Eyrewalker 1996; Ikemura 1981; Najafabadi et al. 2009; Osawa et al. 1988; Romero et al. 2000) .
Selection pressure acts on codon usage on a global scale, inducing higher global translation rates and increasing the accumulation of available ribosomes (Andersson and Kurland 1990; Berg and Kurland 1997) . Translation selection is the dominant explanation for codon bias even though the correspondence between tRNA abundance and tRNA copy numbers is weak in some eukaryotes (Plotkin and Kudla 2011) . Recent experiments confirmed that gene expression in eukaryotes were affected by codon bias similar to the previous finding in prokaryotes (Rouhollah et al. 2015) . Although codon optimization can increase the abundance of individual proteins, the mechanism underlying the increase remains controversial, and codon optimization is actually the result of enhanced transcription and translation (Newman et al. 2016 ).
Many fruiting and ornamental flowering plants are in the order Rosales. However, the study of Rosales species lags behind studies of other model organisms. For instance, few reports of codon usage patterns based on genome data are available for Rosales species. Morus notabilis (mulberry tree) is a Rosales woody plant with high medicinal value (Arfan et al. 2012; Iqbal et al. 2012) . Moreover, mulberry leaves are the optimized food source for the oligophagous economic insect Bombyx mori, which, as a model organism, has been studied for decades (Kiuchi et al. 2014) . Codon usage patterns have been reported recently in many species, including Euphausia pacifica (Shen et al. 2011) , B. mori (Jia et al. 2015) , Oryza sativa (Qingpo et al. 2014) , and Camellia sinensis (You et al. 2015) . However, most of codon usage analyses lack the support of RNA-Seq or quantitative proteomics data and thus cannot provide more reliable information. Recently, the M. notabilis genome sequence and RNA D r a f t sequencing data from five tissues has been published (He et al. 2013) , offering a chance to analyze the D r a f t 5 In order to understand the detailed codon usage pattern of M. notabilis, we analyzed each gene in separate processes. The ENC-plot for genes in the M. notabilis genome is presented in Figure 1a . GC3s of M. notabilis coding sequences appeared to be widely distributed in the genome, and genes with similar GC3s also had completely different ENCs. Ribosome genes are usually highly expressed, and most of the observed ENC values for the ribosome-related genes were lower than the expected ENC values. While, a few genes lie on or above the curve (2435), which indicates mutational pressure is the only factor determining codon bias, most of the genes (20409) ).
In Figure 1b , (ENCexp-ENCobs)/ENCexp was used to quantitatively estimate the difference between the observed and the expected ENC values (Jia et al. 2015) . The results detected by (ENCexpENCobs)/ENCexp were almost the same as those from the ENC-plot; i.e., the observed ENC values for most genes (74.19%) were very close to the expected ENC values calculated by GC3s, although most observed ENC values were smaller than the expected ENC values. This result is a consequence of natural selection, and codon bias is generally increased in most genes.
Correspondence analysis of codon usage
Codon usage pattern of each gene is different in M. notabilis. We then focused on the analysis of the potential influence factors of codon usage. Correspondence analysis of RSCU was used to analyze codon usage patterns and remove variations caused by unequal amino acid usage of genes ( Figure 2 ).
Although the first axis (Axis1) explains only 17.74% of the data inertia, and does not explain the whole variation of synonymous codon usage, there is an obvious negative correlation between Axis1 and GC, GC3, GC3s, G3s, and C3s (r = −0.816, −0.948, −0.955, −0.563, and −0.888, respectively; P <0.01).
Axis1 shows significant correlation with gene length (r = 0.318, P <0.01), but aromatic amino frequency and hydropathicity showed little correlation with Axis1. Axis1 was negatively correlated with the gene expression level and positively correlated with mean molecular weight (MMW) of the encoded protein (r = −0.222 and 0.107, respectively, P <0.01).
In addition, gene length was negatively correlated with gene expression level (r = −0.130, P <0.01). Genes with long coding regions tend not to use the smaller amino acids, but gene expression level was still negatively correlated with MMW (r = −0.180, P <0.01) and mean S/C scores (r = −0.158, D r a f t 6 P <0.01). Gene expression levels showed significant correlation with codon bias (CDC, r = 0.151, P <0.01). These findings indicate that multiple factors influenced codon usage in M. notabilis.
Codon usage in Rosales species
To explore the relationship between codon usage and the influence factors in order Rosales, we analyzed genes with lengths longer than 300 bp in 12 other Rosales species. Correspondence analysis of codon usage in the 12 Rosales species, produced results that were similar to those obtained for M.
notabilis (Supplementary file 1).
We found that eight of the Rosales species (Malus × domestica, Fragaria vesca, Pyrus communis, Fragaria × ananassa, Fragaria orientalis, Fragaria nubicola, Fragaria nipponica, and Fragaria iinumae) had the same optimal codons as M. notabilis. In the other four Rosales species (Rubus occidentalis, Prunus persica, Prunus mume, and Ziziphus jujuba) the optimal codons were much different than those in M. notabilis. These four Rosales species had lower GC-content and GC3 than the other Rosales species tested.
Methylated cytosine in the CpG dinucleotide is easily mutated to thymine, and genomes that have high methylation levels rarely have a NCG codon. In M. notabilis, the NCG codons had low RSCU values (GCG 0.58, UCG 0.696, ACG 0.62, CCG 0.732) . We used the previously reported parameter XCG: XCC to evaluate CpG suppression (Duan et al. 2015; Gonzalezibeas et al. 2007; Sterky et al. 2004) , and found that CpG suppression was weakest in M. notabilis (with the exception of the strawberry cultivar Fragaria × ananassa) compared with the other Rosales species (Table S1 in Supplementary file 2), implying a high mutation rate and low methylation level in M. notabilis. This result also indicated high evolutionary rates in internal and last exons (Chuang et al. 2012; Keller and Yi 2014; Takuno and Gaut 2012) , but the data are not sufficient to fully explain why M. notabilis evolved about three times faster than several other Rosales species (He et al. 2013 ).
Functions of genes related to codon bias
Previous studies have shown that differences in gene function were related to changes in codon bias among the genes of E. coli, S. cerevisiae, Caenorhabditis elegans, and Homo sapiens (Najafabadi et al. 2009 ). In unicellular organisms, codon usage of interacting genes is more similar than noninteracting genes. Also function related genes display similar codon usage pattern and mRNA half-life D r a f t 7 (Najafabadi and Salavati 2008; Presnyak et al. 2015) . To access the similarity of codon usage of function-related genes, mutual information was used to analyze the M. notabilis genes. According to the mutual information analysis of codon usage in genes in M. notabilis pathways, almost half the codons in genes involved in purine metabolism, pyrimidine metabolism, and RNA polymerase pathways had higher similar codon usage compared with other genes (Figure 3 ). Codons for aspartic acid (GAU, GAC) and leucine (CUC) showed strong bias in many pathways.
About 20% of M. notabilis genes showed signs of being under relative strong selective pressure, and ENC of these genes were obviously lower than the expected values (Figure 1b) . To further investigate which functions of genes were under selection pressure, all the annotated genes were separated into two groups according to their (ENCexp-ENCobs)/ENCexp values (<0.1 and >0.1, <0.2 and >0.2). Enrichment analysis was performed to screen the relevant biological process of the value of ENCobs stronger than that of ENCexp (Table S2 ). It was found that genes involved in energy metabolism, nucleotide metabolism, transcription, translation, immune system and development were under significant stronger selection pressure than those involved in other biological processes, which means codons bias of these genes was significantly stronger than other genes with similar GC content.
Based on the data presented above, genes involved in the same pathway have the similar codon usage pattern. In addition, in some pathways, the difference between predicted codon bias and observed codon bias is greater than others. In single-cell organisms, functionally related genes display similar mRNA half-lives, and similar codon usage patterns were found to be the most important reason for this phenomenon (Presnyak et al. 2015) . Similar codon usage patterns of functionally related genes imply similar translational effects and similar mRNA half-lives, and may be a mechanism for the precise synchronization of functionally related genes.
Codons usage is shaped by selection
The optimal codon is not always used with high frequency in all genes, and, under normal conditions, the expression levels are generally lower for genes where the optimal codons are not used, meaning that optimal codons occur more frequently in codon biased genes (Jia et al. 2015; Liu et al. 2010; Liu 2006; Mcinerney 1998) . In the present study, 27 optimal codons with statistical significance were identified in the coding sequences in the M. notabilis dataset downloaded from MorusDB (Tian et D r a f t 8 al. 2014). The correspondence between tRNA abundance and tRNA copy number is not always strong in higher organisms, and this may be why not all optimal codons agree well with tRNA copy number.
We calculated gene expression levels from the transcriptome data and found that the results agreed well with the predicted expression levels, and the highly expressed genes tended to use optimal codons in high frequency. Codon usage adapted to tRNA pools might put high expression genes under greater pressure for translational efficiency, accuracy, or both (Plotkin and Kudla 2011) .
Gene expression levels were calculated following the method of Ingvarsson (Ingvarsson 2007 ).
The genes were divided into six groups based on the percent of optimal codons in each gene. By analyzing gene expression levels and optimal codon content, we determined the correlation between gene expression and optimal codon usage in the M. notabilis transcriptome (r = 0.225, P <10 −207 ) and found that highly expressed genes had, on average, higher optimal codon content ( Figure 4a ). Genes with a high percent of optimal codons had significantly high transcriptional levels (Wilcoxon test). An analogous result obtained for housekeeping genes indicated that genes with high expression levels tend to use more optimal codon (r = 0.421, P < 10 −62 ).
All the optimal codons in the M. notabilis mRNAs end with G or C, and expression levels were significantly positively correlated with GC content of the mRNAs (r = 0.324, P <0.01). We further analyzed whether GC content of codons was another factor related to mRNA expression. Specifically, all the genes with RPKM values >300 were typically found to have higher GC3s (Figure 4b ). As shown in Figure 4c the GC12 of different genes was relatively more stable than GC3, and groups with different expression levels had similar GC12 values. For the housekeeping genes, no obvious association was found between expression levels and GC12 (r = 0.070, P <0.001). However, for total genes, GC12s of the different expression groups were also significantly different (Wilcoxon test), and significant positive correlation was observed (r = 0.228, P <0.001).
The nucleotide composition of the first, second, and third codon positions determines the GC content of a gene directly. However, we found that mRNA expression levels were positively correlated with GC12 and GC3 to various degrees. Even codon bias for Arg (CGN, AGA/G) and Leu (CUN, UUA/G) affected GC12 of genes, although, in M. notabilis, the codons for these two amino acids accounted for a small percent of the total codons (15.23%). This result implies a close relationship between GC12 and amino acid composition.
Amino acid usage is shaped by selection
Correlation analysis between amino acid content and gene transcription level showed that the content of some amino acids was positively or negatively correlated with the expression level of the encoding genes. Among them, alanine, proline, and glycine had the strongest positive correlation and cysteine and leucine had relative strong negative correlation in M. notabilis ( Figure S1 ). During protein synthesis, metabolic costs are different for different amino acids. Amino acid mean size/complexity (S/C) scores are based on molecular weight and the complexity of different amino acids (Dufton 1997) , and the S/C score can reflect the cost of amino acid synthesis (Williford and Demuth 2012). Alanine and glycine content was positively related to the expression level of the encoding genes, and the S/C scores of alanine and glycine were 4.76 and 1.00, respectively. A low S/C score means the amino acid is easy to synthesize, and proteins that contain high proportions of amino acids with low S/C scores may be easier to synthesize. Similarly, cysteine and leucine content was negatively related to the expression level of the encoding genes and the S/C scores of cysteine and leucine were relatively high (57.16 and 16.04 respectively). We also found strong negative correlation between the correlation coefficient (amino acid usage and the expression level of the encoding genes) and S/C scores for all the amino acids (r = −0.483, P <0.05).
Correspondence analysis was used to describe the characteristics of the amino acid, and the first four axes generated by the correspondence analysis explained 42.05% of the amino acid codon usage variations. The first axis accounted for 14.71% of amino acid variation, and was highly correlated with GRAVY, Aromo, MMW, and S/C score, and the correlation was similar for the other three axes. Gene expression levels were also correlated with the second, third, and fourth axes (r = 0.125, P <0.001; r = 0.260, P <0.001; r = −0.053, P <0.001, respectively) ( Table S3 ).
Housekeeping genes under stronger translational selection than other genes
The M. notabilis genes were divided into three groups: expression-invariable genes (EIGs with 1452 genes), expression-variable genes (EVGs with 12551 genes), and tissue-specific (TS with 826 genes). The EIGs are housekeeping genes that were expressed in all five tissues at relatively constant expression levels. EVGs are genes that were expressed in all five tissues at different expression levels.
TS genes were expressed in one only tissue.
D r a f t
Positive correlation between codon usage bias and gene expression level ( Figure 5 ) indicated that highly expressed genes were under stronger translational selection than the lowly expressed genes.
Overall, the correlation was significantly positively stronger in EIGs than in EVGs or TS genes based on both Pearson's ( Figure 5 ) and Spearman's correlations (Table S4 ). This result indicates EIGs are under stronger translational selection than the other genes (Ma et al. 2014) . The correlation coefficient increased with increased gene expression levels. However, no relationship was found even for the lowly expressed EIGs (RPKMs from 1 to 10).
Housekeeping genes have been reported to be under stronger selective constraint than TS genes in Arabidopsis thaliana and O. sativa L., and the preferred codons of the top 20% highly expressed housekeeping genes corresponded to tRNA copy number (Mukhopadhyay and Basak 2008) . Later, Liu (Liu 2012 ) reported a significant difference in selective constraint between TS genes and non-TS genes.
However, translational selection was shown to be closely related to gene expression levels (Doherty and Mcinerney 2013; Emery and Sharp 2011) , and the transcriptional levels of most TS genes were lower than those of EIGs (Ma et al. 2014) . The different transcriptional levels in the different groups may be a result of different codon bias and translational selectivity of genes. Although similar conclusions have been reported previously, whether the stronger translational selectivity of housekeeping genes always depends on higher expression levels is an intriguing question. We found greatly different expression levels between EIGs and EVGs, with the EIG expression levels being significantly higher than the EVG levels (Wilcoxon test, P <10 −16 ) in the five M. notabilis tissues tested ( Figure S2 ). The expression levels of EIGs were also significantly higher than the TS genes. Notably, while there were greatly different expression levels between the EIGs and EVGs, the EIGs were also under stronger translational selection than EVGs with similar transcription levels (Table S5 ).
Housekeeping genes generally play a role in fundamental biochemical processes, and usually have relatively steady expression levels across different tissues. So, the expression breadth of genes may be an additional factor that affects translational selection. For M. notabilis, we found that the transcriptome data were consistent with the expression breadth of the genes. Almost all the genes with high expression breadth in the five tissues displayed significantly higher transcriptional levels than the other genes. However, the relationship between codon bias and expression breadth was not observed in M. notabilis. We found no correlation between expression level and codon bias in the low D r a f t transcriptional level genes, and genes with relatively low expression breadth (1-4 tissues) also had low transcriptional levels, which is likely related to similar codon bias among the different expression breadth genes.
Codon context was reported to affect the speed of protein synthesized in E. coli (Chevance et al. 2014) . A recent study demonstrate the relationship between codon context bias and gene expression in
Xanthophyllomyces dendrorhous (Baeza et al. 2015) . Contextual bias has been studied in multicellular organism Megalobrama amblycephala (Duan et al. 2015) , and contextual bias was also observed in M.
notabilis. Moreover, contextual biases increased with the gene expression levels to a certain degree, and even in genes with similar expression levels the contextual biases were slightly stronger for EIGs than EVGs ( Figure S3 ).
Materials and Methods

Coding sequences, collection, and filtering
The genome and coding sequences (CDSs) were obtained from the Morus genome database (Tian et al. 2014), Genome Database for Rosaceae (Jung et al. 2013) , and GenBank. CDSs that contained premature translation termination codons were ruled out and only those that had correct initiation codons and termination codons were included in the dataset. Additionally, to ensure that effective number of codon (ENC) statistic performed well, only CDSs that were ≥300 bp in length were used for further analysis (Wright 1990) . Mean length of 22,844 genes is 1, 245bp. 21,086, 17,245, 10,145, and 12,310 of genes are annotated by NCBI, Swissprot, COG (Clusters of Orthologous Groups), and KEGG with a minimal e-value of 1e−5, respectively. Sequence extracting and other data processing were completed using an in-house Java program. In the present study, R is used to prepare realization of statistical analysis (Team 2014).
Estimation of codon bias, optimal codons, and tRNA abundance
Correspondence analysis of 22844 M. notabilis genes generated a principal axis for each gene.
The top and bottom 5% of the genes were selected as the two test groups (1142 genes in each group).
The codon usage in both groups was compared using a two-way Chi-squared contingency test to identify optimal codons. For the purposes of this study, the test dataset with the lower ENC was putatively assigned as highly expressed, and the codons that occurred significantly more often (P <0.01) D r a f t in the top bias 5% group were defined as optimal codons (Peden 2000b ).
RSCU was calculated as the observed number of one codon divided by the expected number with amino acid synonymous codons equally used (Sharp et al. 1986 ). CUSP (Rice et al. 2000) and an inhouse Java program were used to calculate the RSCU for all codons in the dataset. CodonW (Ver.1.4.2) (Peden 2000a ) was used to generate high bias and low bias groups and to determine optimal codons.
The program tRNAscan-SE (Lowe and Eddy 1997) was used to scan for the number of tRNA genes. Isoaccepting tRNA was predicted based on the restricted wobble rules (Percudani 2001) . The tRNA levels were predictable because copy numbers of tRNA genes are correlated with available tRNAs (Kanaya et al. 1999) .
Neutral evolution and Parity Rule 2 plot analyses
Neutrality plot analysis was performed to investigate the extent of influence of mutation pressure and natural selection on the patterns of codon usage. To avoid the inequality of α pairs (A·T or T·A) and γ pairs (G·C or C·G) at the third position (P3) of codons, three termination codons (TAA, TAG, and TGA) and the three codons for isoleucine (ATT, ATC, and ATA) were excluded from the calculation of P3, and amino acids with a single codon were excluded from the calculation of P1, P2, and P3. The equilibrium coefficient (ε) was defined as the average G+C content of the first and second positions (P12) against the G+C content of the third position (P3). An ε value of 1 was indicative of complete equilibrium (complete neutrality), and an ε value of 0 was indicative of no effect of directional mutation pressure (complete selective constraints) (Muto and Osawa 1987; Sueoka 1988) .
In a Parity Rule 2 plot, the center of the plot where both coordinates are 0.5 is the place where A=T and G=C. If nucleotide composition is the only factor that determines synonymous codon usage, the third positions should have identical G3 and C3 or A3 and T3 contents (Sueoka 1999) . In particular, a Parity Rule 2 plot will show the details of usage among four-fold degenerate synonymous codons (Sueoka 1995).
ENC and ENC-plot
ENC and the GC content of the third synonymous codon position (GC3) were calculated using CHIPS (Rice et al. 2000) and CodonW.
The ENC-plot has been widely used to investigate patterns of synonymous codon usage in genes of various species. The curve of ENC-plots shows the expected ENC value of genes for which codon usage was determined only by a G + C mutation bias, and such genes will lie on or around the curve under the H0 (no selection) option. For genes that were not subject only to G + C mutation bias, but
were also under selection effects, the ENC values may lie below the expected curve. The expected ENC of each gene is calculated according to the report(Wright 1990):
Mutual information
Mutual information was calculated to represent nonrandom codon usage in different gene groups (Camiolo et al. 2012 ) and used to determine whether the distribution of codons in genes in different biological pathways was random. Functional analysis was performed using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa and Goto 1999) , and functionally related genes that participated in the same pathway were considered to form a functional cluster.
Relative usage frequency (codon divided by all synonymous codons) of the codons in each functional cluster was assessed by mutual information, with high mutual information values indicating strong nonrandom codon usage and low mutual information values indicating random codon usage.
The gene clusters were shuffled 10 4 times to determine the significance of the mutual information. The MI RSCU package of the ICodPack suite (Najafabadi et al. 2009 ) was used to calculate the mutual information of codons for different pathways and biological processes.
Codon context analysis
The 3′ codon context analysis was performed using the Anaconda software (Moura et al. 2005) .
Conclusions
Complex variations in codon usage patterns are a significant feature of species. Our results showed that length of coding regions, mutation pressure, nucleotide composition, expression levels and gene function all shaped the codon bias of M. notabilis genes. Mutation pressure on gene and natural selection on translation are main factors affecting mulberry gene codon bias. We concluded that natural D r a f t 14 selection probably plays a more important role than previously thought in forming codon bias. In
Rosales species, plants that had a similar GC-content as M. notabilis showed similar codon usage patterns. The present analysis of mulberry not only enriches the knowledge of codon usage in plants but also provided a reference for codon study for other plants at order Rosales.
Biological functions of codon bias was still controvertible. Translational selection was thought to be a major reason for codon bias. Housekeeping genes are ancient genes that are generally highly expressed, and they were found to be under more pronounced translational selection than the other genes. Moreover, pronounced contextual biases were observed in the housekeeping gene compared with the other genes, implying another kind of translational selection may occur in higher plants. Based on our results, we propose that housekeeping genes may be good models for further translational selection studies. These findings may be useful for further study of transgenes, breeding, and evolution in Rosales species. Table S1 . CpG suppression in Rosales. Table S2 . Genes with stronger codon bias according to enrichment analysis. Table S3 . Correlation coefficients between the positions of genes along the first four major axes with the usage of amino acid. Table S4 . Spearman correlation analysis between CUB and gene expression level. and third codon positions (GC1, GC2, and GC3, respectively), GC-content in a third synonymous codon position (GC3s), and A, T, G, and C content in a third synonymous codon position (A3s, T3s, G3s, and T3s).
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